Glutamine synthetase, glutamate synthase and alanine dehydrogenase activities were detected in crude extracts of Streptomyces clavuligerus. Glutamate dehydrogenase and alanine : 2-oxoglutarate aminotransferase could not be found. Glutamate synthase levels were independent of the nitrogen source in the culture medium. Glutamine synthetase activity was repressed in the presence of ammonium, and a rapid inactivation of the enzyme was seen after ammonium shock. Alanine dehydrogenase was induced by alanine or ammonium concentrations higher than 20 m~. Glutamate and, in lower amounts, glutamine, alanine, y-aminobutyrate and aspartate were the main constituents of the intracellular pool of free amino acids. Only the pool concentrations of glutamine and alanine were markedly influenced by the nitrogen source used for growth. Mutants devoid of glutamine synthetase, glutamate synthase, or alanine dehydrogenase were isolated. The pattern of utilization of nitrogen sources by the three classes of mutants indicated that the glutamine synthetase-glutamate synthase pathway is the only means of assimilation of ammonium in S. clavuligerus. Alanine dehydrogenase is not directly involved in that process, but a possible related function is discussed.
INTRODUCTION
Ammonium assimilation in bacteria is known to be mediated mainly by two mechanisms : (i) the reductive amination of 2-oxoglutarate to yield glutamate, catalysed by glutamate dehydrogenase (GDH; EC 1.4.1.2), and (ii) formation of glutamine from glutamate and ammonium, catalysed by glutamine synthetase (GS; EC 6.3.1 ,2), followed by the transfer of the amide group to 2-oxoglutarate, catalysed by glutamate synthase (GOGAT; EC 1.4.1 .13), which results in the net synthesis of one glutamate molecule (for reviews see Brown et al., 1974; Dalton, 1979) . Some bacteria seem to possess only the second mechanism. In others, like Escherichia coli, where the two systems are present, the high K , of GDH for ammonium makes the first pathway useful only in the presence of relatively high ammonium concentrations. At lower concentrations, assimilation occurs via the ATP-driven GS-GOGAT pathway, taking advantage of the lower K , of GS for ammonium . The participation of other amino acid dehydrogenases, like alanine dehydrogenase (ADH; EC 1.4.1. I), in ammonium assimilation is less well-documented, but because of their high K , for ammonium they might be significant only when the environmental concentration of this ion is high.
Among streptomycetes, there are scattered reports on the presence of the above enzymes in different species, but in no case has the mechanism(s) mediating assimilation of ammonium been demonstrated. The enzymes of the GS-GOGAT pathway have been detected in Streptomyces venezuelae (Shapiro & Vining, 1983) , Streptomyces noursei (Grafe et al., 1977) , and Streptomyces clauuligerus (Aharonowitz, 1979) . G D H and ADH activities were found in S. oenezuelae (Shapiro & Vining, 1983) , S. noursei (Grafe et al., 1977) and Streptomyces erythreus (Roszkowski et al., 1969) . In S . clauuligerus (Aharonowitz, 1979; Aharonowitz & Friedrich, 1980) , no GDH could be found, but an ADH activity, inducible by both ammonium and alanine, was detected in crude extracts.
The production of cephalosporins (which include cephamycin C ) by streptomycetes is known to be strongly influenced by the nitrogen source in the culture medium (Aharonowitz & Demain, 1979; Braiia et al., 1985; Castro et al., 1985) . While studying the nitrogen control of antibiotic production in this species, we have elucidated the mechanism of ammonium assimilation and gathered information on the regulation of the pathways involved.
M E T H O D S
Microorgunism, mediu und culture cotditions. Sireptonyces clatwligerus N RRL 3585 (ATCC 27064) was used throughout this study. Our basal chemically defined fermentation medium contained 0.6% MgS04. 7H10, 0.35% K2HP0, and 1 ml trace salts stock solution (containing 100 mg FeS0,.7H20, 100 mg MnC1, .4H,0, 100 mg ZnSO,. H,O, and 100 mg CaC12 per 100 ml water) per litre of 0-1 M-MOPS buffer (Sigma); the initial pH was adjusted to 6.95. The inoculum medium contained, in addition to the basal medium, 1 % glycerol (autoclaved separately), 0.2% L-asparagine, 0.1 %yeast extract and 0.1 % NH4Cl. Nitrogen sources were sterilized by filtration and were used at the concentration indicated in the text. Only L-isomers of amino acids were used. Asporogenous mutants were maintained as frozen cell suspensions in 50% (w/v) glycerol at -20 "C.
All liquid cultures were grown in 50 to 500 ml Erlenmeyer flasks containing a volume of medium equivalent to 20"/,of the capacity of the flask at 30 "C on a rotary shaker [2 inch (50 mm) diameter orbit] at 250 r.p.m. About lo8 spores were inoculated into 50 ml inoculum medium and incubated as described above for 1 d. A portion (1 ml) of the resulting seed culture was inoculated into the desired medium and incubated for 5 to 7 d. Samples were taken at various times for pH, biomass and antibiotic analysis.
For growth determinations, a sample of fermentation culture (0-5 ml) was pipetted into a tube; 0.5 ml of 2.5 MHCl and 3 ml water were added. The suspension was homogenized by ultrasonic treatment for 30 s, and its optical density was immediately measured at 600 nm in a Turner model 330 spectrophotometer. If necessary, more water was added to obtain an absorbance lower than 0.6. Under these conditions, ODboo was proportional to the dry cell weight (DCW) of the cultures; a DCW of 1 mg ml-I is equivalent to an ODboo of 2.15. The DCW was determined as follows: mycelia were harvested by centrifugation (SOOOg, 10 min, 4 "C), resuspended in distilled water, washed twice with distilled water, and dried to constant weight at 70 "C, Details on strain maintenance can,be found in Braiia et al. (1985) . Enzyme activities. Cell extracts were prepared immediately before use as previously described (Braiia et al., 1985) , and kept in an ice-bath. Enzyme activities were assayed at 30 "C. GS was assayed as a-glutamyltransferase activity at pH 6.9 or biosynthetic activity at pH 7.5 according to Bender et al. (1977) . Whole cell transferase activity was determined in hexadecyltrimethylammonium bromide (CTAB) treated cells (Streicher & Tyler, 1981) . ADH (aminating) was determined as described by Aharonowitz & Friedrich (1980) , at pH 8.0. The procedure of Meers et ul. (1970) was followed for the assay of GOGAT (pH 7.6) and GDH activities. Alanine :2-oxoglutarate aminotransferase (AOAT; EC 2.6.1 .2) was determined according to Segal & Matsuzawa (1970) . Protein in crude extracts was measured by the Lowry method, using bovine serum albumin as standard. Specific enzyme activities are given as nmol product formed min-' (mg protein)-'.
Mutugenesis. A suspension of spores frozen in 50% (w/v) glycerol was homogenized by sonication for 1 min. This treatment broke up the chains of spores. One volume of this suspension (containing about lo9 colony forming units mi-' ) was mixed with one volume of a freshly prepared solution of N-methyl-N'-nitro-N-nitrosoguanidine (NTG) (2 mg ml-' in 0.05 M-Tris/HCl, pH 9.0) (Delic et af., 1970) . After 3 h at 30 "C, about 2% survivors were detected when plated on sporulation medium.
Isolation of mutants impaired in ammonium assimilation. Mutagenized spores were harvested by centrifugation, washed twice, and plated on sporulation medium supplemented with alanine and glutamine (5 mM each). Alternatively, the spores were incubated overnight in seed medium with 5 mwalanine and glutamine to allow germination. The cells were then starved of nitrogen in defined medium without nitrogen sources. After 3 h, 10 mM-NH,Cl and 2 mg penicillin V ml-1 were added and incubation continued for 2 to 3 d. The survivors of the penicillin enrichment were plated on sporulation medium supplemented with glutamine and alanine. The colonies grown after one week at 30 "C were picked with sterile toothpicks to patches on the same medium. The master plates obtained after growth were replicated with velvet on defined medium with 10 mM-NH,CI as nitrogen source. Colonies that failed to grow in this medium were inoculated on defined media with 10 mwglutamine, glutamate or alanine as sole nitrogen source. Mutants were successfully obtained which were glutamine or glutamate auxotrophs, but no alanine-requiring mutants were found. Two glutamine auxotrophs and six glutamate auxotrophs were obtained from about 15000 colonies.
Isolation yf mutunts ckroid of A D H uctirity. Mutagenized spores were plated on sporulation medium, supplemented with 5 mwalanine, without any previous enrichment procedure. Master plates were prepared as described above and the colonies were replicated to two different media which were capable of supporting wildtype growth: (i) with 30 mwalanine as the only carbon and nitrogen source; (ii) with 10 mM-NH,Cl as nitrogen source and glycerol as carbon source. Colonies not growing (or growing very slowly) on the first medium but growing well on the second medium were screened for ADH activity. For this purpose, a colony test adapted from a procedure to detect CDH activity (Pahel tv ul., 1978) was used. The colonies were grown on solid defined medium with 30 mwaspartate plus 100 mM-NH,Cl as nitrogen sources. After 3 d incubation, plugs of agar containing the colonies were taken with sterile straws (2.5 mm in diameter), and placed in wells of a plastic tray. A portion (90 pl) of a mixture containing 100 mM-Tris/HCl (pH 8.0), 2 mM-sodium pyruvate, 100 mM-NH,Cl and 100 pg CTAB ml-' was added to each well. Following incubation for 10 rnin at 30 "C, 3 mM-NADH (10 pl) was added and the trays were returned to the incubator. After 15 and 30 min, samples ( 5 pl) from each well were pipetted onto filter paper, dried, and observed under UV light. Oxidation of NADH to NAD due to ADH activity produced faint purple spots, whereas samples with intense violet colour indicated little or no oxidation. The validity of the method had been confirmed earlier with wild-type colonies grown with aspartate (basal ADH activity) or aspartate plus 100 mM-NH,CI (high ADH activity). Presumptive ADH-isolates were grown in liquid defined medium with aspartate plus 100 mM-NH,Cl and their ADH activity was assayed in crude extracts. One ADH-culture was obtained from about 15000 colonies.
Analysis~f'inrrucellulurp~~l~~f'untino acids. A fraction of culture containing 5 to 10 mg of cells [as dry cell weight (DCW)] was collected by filtration and washed three times with 0.1 M-KCl (Langheinrich & Ring, 1976) . This procedure took less than I min. Cells were collected from the filter with a spatula, placed in a microcentrifuge tube containing 100 p1 methanol, and frozen immediately at -20 "C. Analysis of amino acids was done within the next 7 d. The day before the analysis was to be done, 200 pl 15% (w/v) trichloroacetic acid (TCA) were added to the tubes, which were then left overnight in an ice-bath. After centrifugation (10000 g, 15 min, 4 "C), the upper 200 pl of the supernatant was carefully taken off with a micropipette, and kept at -20 "C until the moment of assay. The pellets, after the removal of the excess methanol-TCA, were resuspended in 1 ml 1 M -N~O H and heated at 100 "C for 15 min. The dissolved protein was determined and these values were used to normalize the intracellular content of amino acids.
The free amino acid content of the intracellular pool was determined by HPLC after derivatization with o-phthaldialdehyde (Pierce, Chester, UK). The equipment consisted of two pumps (models 6000A and M-45), a model 660 solvent programmer, and a U6K septumless injector. Fluorescence was detected by a model 420 fluorescence detector. Separation of amino acid derivatives was done in a pBondapak C18 column (30 x 3-9 cm). All chromatographic equipment was from Waters (Milford, MA, USA). Portions (50 pl) of the extracts were derivatized for 1 min. A sample (10 pl) of the mixture was injected and eluted at a flow rate of 2 ml min-I. The derivatization and chromatographic conditions were as described by Hill et al. (1979) , omitting the 5 min isocratic hold during the elution. Data presentation. All experiments described in the Figures and Tables were done at least twice. The data are representative results : in every case the additional experiment(s) confirmed the original results.
R E S U L T S
Enzymes of' ammonium assimilation The GS, GOGAT, ADH, GDH and AOAT activities of wild-type S . clavuligerus were measured in cultures grown with different nitrogen sources. No assimilatory GDH activity, using either NADH or NADPH as cofactor, was detected in media containing ammonium concentrations ranging from 10 to 200 mM. AOAT was also undetectable in media with different concentrations of ammonium or alanine as nitrogen source.
In contrast, significant amounts of GS, GOGAT and ADH activity were found in all media (Table 1) . Both GOGAT and ADH used NADH, but not NADPH, as cofactor. The GS (transferase) activity measured in exponential phase was rather variable, depending on the nitrogen source used. Addition of 30 mM-NH,Cl to media supporting derepressed GS levels caused a reduction of this enzyme activity. ADH levels were high in media containing ammonium or alanine and low in the rest of the cases. In all media examined, addition of 30 mM-NH4C1 induced ADH activity. The GOGAT activity was similar in all media, irrespective of the nitrogen source used. Early exponential phase cultures with 15 mwasparagine as nitrogen source had low activities of GS and ADH. When this medium was supplemented with increasing concentrations of NH4Cl (Table 2) , there was a strong induction of ADH in the presence of ammonium concentrations higher than 15 mM. GS (transferase) activity increased slightly in cultures with high ammonium concentrations. In a similar way, in cultures with NH4Cl as the only nitrogen source (Table 3) , ADH was markedly induced in media with initial ammonium concentrations higher than 20 mM, while GS (transferase and biosynthetic activities) increased slightly with high ammoniumn. No significant changes in GOGAT activity were found in these media.
Inactivation of GS by ammonium shock and inhibition by Mg2+
A culture with 30 mM-glutamate as nitrogen source was grown until it reached a DCW of 1 mg m1-I. The culture was then halved and 20 mM-NH,Cl was added to one half. Incubation continued for 15 min, taking samples at short intervals to measure GS (transferase) activity in whole cells. GS activity in the ammonium shocked culture dropped very rapidly, stabilizing at about 50% of the initial value after 10 min ( Fig. 1) . A similar decrease was observed in the presence of 60 mM-MgC12 in the transferase assay.
We also compared GS activities in crude extracts from shocked and unshocked cells treated as above. The ammonium shock did not change the pH profile of the GS (transferase) activity, which showed an optimum at pH 6.9, although there was a 70% decrease in enzyme activity. Addition of 60 mM-MgC1, to the assay caused an inhibition of the transferase activity at all pH values tested (between 6-0 and 7.3, both in shocked and unshocked samples. At the optimum pH (6*9), a 30% inhibition by Mgz+ was found in both cases. The GS (biosynthetic) activity decreased by about 50% in ammonium shocked cells.
Characterization of mutants impaired in ammonium metabolism
Six clones growing with glutamate but unable to utilize ammonium at any concentration were isolated in seven independent experiments. The mutants (named glu-2, glu-5, glu-26, glu-27, glu-30 and glu-31) also utilized a series of amino acids as nitrogen sources (Table 4) . They did not have detectable GOGAT activity and sporulated very poorly in the sporulation medium used for the wild-type. Two glutamine-requiring mutants (gln-2 and gln-4) were also isolated. As expected, their GS activity was less than 5% of that of the wild-type. Contrary to the wild-type, addition of ammonium to a medium with 5 mMy@tamine and an excess of carbon source did 
* Colonies were incubated at 30 "C for 7 d, with nitrogen source at 10 mM, except where indicated.
7 Very slow growth. not result in a significant increase in DCW indicating that the loss of GS not only causes glutamine auxotrophy, but renders the cells unable to utilize ammonium as nitrogen source. Both GS-mutants were asporogenous. Table 5 shows the enzyme activities of the wild-type and a mutant of each type in the presence or absence of 40 mM-NH,Cl. The data indicate that the ammonium regulation of the enzymes is not markedly affected by the respective mutations. Despite the fact that ammonium cannot be used for growth by the gln and glu mutants, it still caused a dramatic induction of ADH. Similar results were obtained with the rest of the GOGAT-and GS-mutants (data not shown).
The failure to isolate alanine auxotrophic mutants prompted us to elaborate a new method based on screening in a medium with alanine as the only carbon and nitrogen source (see Methods). One mutant (designated M 15) devoid of significant ADH activity was isolated by this proeedure. Its pattern of utilization of nitrogen sources was similar to that of the wild type (Table  4) , with the exception of alanine, which supported very slow growth on solid medium and no appreciable growth after 5 d in liquid medium. However, when the activities of the enzymes of ammonium assimilation were checked in several media, some differences were found ( Table 6 ). The mutant M15 grew slower than the wild-type in all media. It had higher GS (transferase) activities than the wild-type when grown with different amino acids as nitrogen source, with the On: Tue, 18 Dec 2018 06:52:55 exception of glutamate. Only with ammonium as nitrogen source were the GS activities similar in both strains. Addition of 10 mwalanine to the different media caused some increase in the growth rate of the wild-type (except for the asparagine medium) and induced ADH. However, alanine seemed to interfere with the growth of strain M 15 in certain cases. A very strong inhibition of growth by alanine occcurred when asparagine and aspartate served as nitrogen source. Some inhibition was also observed with glutamate, but growth with glutamine or NHSCl was not affected by alanine addition. The inhibitory effect of alanine with asparagine as nitrogen source could be reversed by addition of ammonium. GOGAT activities of the wild-type and M15 mutant were similar in the different media tested (data not shown).
Ammonium assimilation in Streptomyces

Amino acid pools
The intracellular amino acid pools of wild-type and mutants of S . clauuligerus were determined by HPLC. As an example we show in Table 7 the values obtained with the wild-type growing with asparagine as nitrogen source. A high content of free intracellular amino acids was always found, with glutamate being by far the most abundant. Glutamine, y-aminobutyrate, alanine and aspartate were also present in high concentrations. The rest of the amino acids, with the exception of proline and cysteine which are not detected by this method, were found in smaller amounts.
Changes in the nitrogen source had marked effects on the intracellular pools of glutamine and alanine (Table 8 ) while only minor differences were observed for the other amino acids. In the wild-type, both glutamine and alanine increased in the presence of high ammonium in the culture medium. Similar effects of ammonium were found in the GOGAT-mutant glu-2, which had amino acid pools resembling those of the wild type. The glutamine auxotroph gln-2 showed A . F. B R A~~A , reduced pools of glutamine. Again, the intracellular concentration of alanine in this mutant increased markedly upon addition of 40 mM-NH,Cl to the medium. The effect of changes in the nitrogen source on the intracellular concentrations of glutamine and alanine in strain M15 and the wild-type is shown in Table 9 . When growing with asparagine as nitrogen source, the ADH-mutant M15 had a normal alanine pool but a depressed glutamine level as compared to the wild-type. Addition of 80 mM-NH,Cl produced a 4.5-fold increase in the glutamine pool of M15, but very little change in the alanine concentration. The growth inhibition observed with M15 when 10 mwalanine was added (Table 6 ) might be related to the decrease in the glutamine pool or to the dramatic increase in the alanine pool, changes not observed with the wild-type under similar conditions. When the growth inhibition was reversed by addition of 40 mM-NH,Cl, the glutamine pool increased sixfold, while the alanine concentration remained constant, suggesting that growth inhibition is due to the decreased glutamine pool rather than the increased alanine pool. In agreement with this, the addition of alanine to media containing glutamine or NH4Cl (where growth of strain M15 is not inhibited) caused a very big increase in the intracellular levels of alanine, but the glutamine pool remained high.
DISCUSSION
S. clavuligerus revealed no assimilatory GDH activity under any growth conditions examined. However, in the presence of extracellular ammonium concentrations higher than 20 mM, a strong induction of ADH was detected in all media, as previously described by Aharonowitz & Friedrich (1980) . The presence of ADH in a variety of micro-organisms lacking GDH activity has led to the suggestion that it may play a role as an alternative pathway for the assimilation of ammonium at high concentrations (Aharonowitz & Friedrich, 1980) . Nevertheless, other studies have not supported the proposed function of ADH in ammonium assimilation (Freese et al., 1964; Elmerich, 1972; Meeks et al., 1977) .
The evidence accumulated in this work indicates that ADH has no direct role in ammonium assimilation in S . cluvuligerus. Under all growth conditions tested, significant activities of GS and GOGAT were found. These two enzymes are used by many micro-organisms for assimilation of ammonium at low concentrations and they often constitute the only pathway found, irrespective of the concentration of ammonium in the culture medium (Brown et al., 1974; Dalton, 1979) . Mutants of S . cluvuligerus devoid of detectable GOGAT activity were unable to utilize ammonium, at any concentration, as nitrogen source, despite the fact that they had normal activities and regulation of ADH. Growth of these mutants could be restored with glutamate or a series of amino acids whose catabolism results in formation of glutamate, either by transamination (aspartate, asparagine, lysine), or as a product of degradation (glutamine, arginine, proline, histidine). Conversely, nitrogen sources that are usually catabolized by deamination and subsequent assimilation of the resulting ammonium (urea, threonine, serine) could not be used by the GOGAT-mutants as nitrogen sources.
The results obtained with the ADH-strain M15 are in agreement with the above observations. This mutant has the same pattern of utilization of nitrogen sources as the wildtype, with the exception of alanine. M15 grew normally with ammonium indicating that ADH is not essential for assimilation of ammonium. This mutant was, however, impaired in utilization of alanine, indicating that alanine catabolism in S. cluvuligerus proceeds via deamination by ADH and assimilation of the resulting ammonium via the GS-GOGAT pathway. Consistent with this observation was the behaviour of the GOGAT-strains, which were also unable to utilize alanine as nitrogen source. Alanine would be deaminated in the GOGAT-mutants, but they would be unable to assimilate the ammonium generated.
The above results rule out the existence of one or several transaminases enabling the use of alanine as nitrogen source without deamination. Such transaminases have been found in other micro-organisms, and are probably involved in utilization of alanine or even, coupled to ADH, in ammonium assimilation (Johansson & Gest, 1976; Rowel1 & Stewart, 1976; Herbert et al., 1980; Beudeker et al., 1982; Kenealy et al., 1982; Moreno-ViviBn et al., 1983) . At least one of these transaminases, AOAT, previously detected in Streptomyces hygroscopicus (Grafe et af., 1974) , could not be found in S . clavuligerus. However, the presence of normal intracellular pools of alanine in the ADH-mutant M15 indicates that synthesis of alanine is probably catalysed by one or several aminotransferases (Tan-Wilson, 1983) . Obviously, those aminotransferases cannot work in the opposite direction, transferring the amino group of alanine for the formation of glutamate, in a way efficient enough to be used as a pathway for assimilation of alanine or ammonium.
The results obtained with the glutamine auxotrophs confirm the GS-GOGAT pathway as the only means of assimilation of ammonium by S . clavuligerus. These mutants, lacking GS activity, were unable to utilize a supplement of ammonium provided with glutamine in conditions of carbon excess. Therefore, although a normal derepression of ADH occurred, this enzyme could not assimilate the ammonium and no significant increase in cell mass was detected. The inability of this class of mutants to sporulate might also be of interest. Similar behaviour was described in glutamine auxotrophs of Bacillus megaterium (Elmerich & Aubert, 1975) .
The intracellular amino acid pools of S . clavuligerus had been previously described by Aharonowitz et al. (1984) . Their results showed that glutamate and, in much lower concentrations, alanine, were the major components of the amino acid pools. Our method has also revealed high concentrations of glutamine and y-aminobutyrate. Although we have not measured the total amount of intracellular amino acids, the addition of the individual values obtained indicates a concentration higher than that reported by Aharonowitz et af. (1984) , and more in accordance with the pools measured in Streptomyces hydrogenans (Langheinrich & Ring, 1976) . This discrepancy is likely to be due to the different procedures used for harvesting of the micro-organism (much faster in our case), the extraction of the amino acids, or the analysis of the samples.
The activities of GS, GOGAT, and ADH were measured in the exponential phase under a variety of conditions. GOGAT was synthesized constitutively, as described for other bacteria lacking GDH (Brown et al., 1974) . GS concentrations varied with different nitrogen sources. It was repressed by ammonium when added to amino acids supporting high GS activity (i.e. glutamate, glutamjne, alanine). We have no explanation for the surprising increase of GS activity (both transferase and synthetase) in media with high ammonium concentrations. However, special care must be taken when interpreting data on GS activities. This enzyme is known to be regulated in many bacteria by a series of mechanisms including repressionderepression, reversible inactivation, availability of divalent cations and feed-back inhibition (Shapiro & Stadtman, 1970) . Our results indicate that some mechanism of inactivation of GS is operating in S . clavufigerus. Ammonium shock produced a rapid loss of GS activity in a way similar to that described in Streptomyces cattleya (Streicher &Tyler, 1981) . This inactivation has been shown to be mediated by adenylylation in S . cattIeya (Streicher & Tyler, 1981) , but a different mechanism appears to be involved in S. venezuelae (Shapiro & Vining, 1983 ). We do not yet know whether the mechanism operating in S . clavufigerus involves adenylylation. On the other hand, GS from S . clavuligerus resembled that in S . cattleya (Streicher & Tyler, 1981 ; Wax et al., 1982) and S . venezuelae (Shapiro & Vining, 1983) in the lack of shift in the optimum pH in ammonium-grown cells. Addition of Mg2+ inhibited GS from S. clavufigerus and S . venezuefae, but not in S . cattleya. Apparently, differences exist between the GS enzymes from different Streptomyces species. The characteristics of GS from S. clavuZigerus make it difficult to determine the total GS activity following the procedures developed for other bacteria (Bender et al., 1977) .
The Occurrence of ADH and its induction in the presence of ammonium were reported in S. clauuligerus by Aharonowitz & Friedrich (1980) . These authors estimated the K , of the enzyme for ammonium to be 2 0 m~, which may explain the induction of the enzyme found at extracellular ammonium concentrations higher than 20 mM. As proposed by Grafe (1982) , autoinduction of the enzyme by the alanine formed may be the mechanism involved. In the presence of ammonium concentrations high enough to allow functioning of the enzyme in the aminating direction, the intracellular concentration of L-alanine would increase, and this molecule, or its Disomer (Berberich et al., 1968) , would act as inducer. The mechanism implies that ADH is able to catalyse the efficient amination of pyruvate in cells. Indeed, measurements of the intracellular amino acid pools indicated that ADH is functional in vivo in both directions. Increasing concentrations of extracellular ammonium caused a progressive accumulation of intracellular alanine in the wild-type, but not in the ADH-mutant. The accumulation occurred only at ammonium concentrations that induced ADH. On the other hand, addition of alanine to the culture medium did not have a strong effect on its intracellular concentration in the wild-type, whereas a dramatic increase was measured in strain M15, showing the inability of the mutant to deaminate the amino acid.
ADH seems to be a widespread enzyme among streptomycetes. At least in S . hygroscopicus (Grafe et al., 1974) , S. noursei (Grafe et al., 1977) and S. clavuligerus (Aharonowitz & Friedrich, 1980 ; this work), high ADH is induced by the presence of high ammonium concentrations. No such induction was found with ADH from S . uenezuelae (Shapiro & Vining, 1983) , perhaps due to its high K, for ammonium (184mM), which would require a very high concentration of extracellular ammonium to trigger the induction of ADH by the mechanism mentioned above.
Considering that ADH does not play a direct role in ammonium assimilation in S . clauuligerus, we wonder whether the induction of the enzyme by high ammonium concentration has some other biological significance. Our results show that ADH activity can produce a large accumulation of intracellular alanine, but the pathway seems to be a dead-end. One attractive hypothesis involves a possible regulatory role of intracellular alanine on the activity of GS, the first step in the assimilation of ammonium. Alanine is known to be a potent inhibitor of GS from many micro-organisms (see for example Hubbard & Stadtman, 1967; Orr & Haselkorn, 198 l) , including the actinomycete Mycobacterium avium (Alvarez & McCarthy, 1984) . The high intracellular concentration of this amino acid may act as a signal for the presence of excess ammonium, imposing an additional restrictive control on the activity of the GS. In agreement with this hypothesis are the observations of alanine inhibition of the growth of ADH-strain M 15 in several media. This effect might be caused by the GS inhibition due to the intracellular accumulation of the supplied alanine. The addition of substrate (ammonium) or product (glutamine) of GS reversed the growth inhibition. The lower growth rates and high GS activities of M 15 in media with different amino acids as nitrogen source may reflect its inability to adjust the proper intracellular concentration of alanine, which would interfere with GS activity and, therefore, with nitrogen assimilation. According to this hypothesis, ADH might have an indirect role in ammonium assimilation in S . clavuligerus, by controlling the intracellular concentration of alanine which, in turn, may act as a fine control of the GS activity. 
